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1.  Introduction 


The  development  of  advanced  aerospace  systems  such  as  energy  efficient  gas  turbine  engines  witli  high 
thrust-to-weight  ratios  and  hypersonic  speed  systems  demands  the  simultaneous  development  of  structural 
materials  that  can  withstand  aggressive  environments  at  high  temperatures.  The  required  materials  must 
possess  the  necessary  mechanical  properties  to  serve  as  structural  members  and  also  exhibit  intrinsic 
chemical  and  microstructural  stability.  Ordered  intermetallics  are  a  class  of  materials  that  form  long  range 
ordered  crystal  structures  and  have  the  potential  for  satisfying  these  severe  requirements  [88Fle]. 

Related  to  the  high  temperature  ordered  nature  of  intermetallics  is  a  high  atomic  bonding  energy  in  these 
systems  which  tends  to  yield  a  high  elastic  modulus  especially  at  elevated  temperamres,  high  melting  point, 
as  well  as  high  strain  hardening  rate,  low  self  diffiision  rate  and  a  high  recrystallization  temperaturp.  In 
intermetallics  containing  aluminum,  silicon  and  chromium,  there  is  also  favorable  oxidation  and  corrosion 
resistance  due  to  the  formation  of  protective  films  at  the  outer  surfaces.  Altliough  these  characteristics  are 
very  favorable,  there  are  also  debits  to  these  materials.  The  strong  bonding  energy  tends  to  result  in  low 
temperarnre  ductility  problems  and  toughness  problems  which  require  new  concepts  in  microstrucmral 
design  to  overcome. 

As  a  result  of  the  recent  activity  on  high  temperature  alloy  development  intermetallics  including  a  number 
of  aluminides  such  as  those  in  the  Ti,  Fe  and  Ni  systems  have  received  considerable  attention.  In  the 
development  and  evaluation  of  mechanical  properties  and  high  temperature  structural  stability,  it  has 
become  evident  that  it  is  essential  to  consider  also  the  strong  influence  of  materials  processing  throughout 
all  stages.  One  of  the  most  important  initial  stages  is  the  solidification  processing.  Since  many 
intermetallics  involve  peritectic  reactions  as  well  as  nonstoichiometric  compositions,  solidification, 
especially  in  multicomponent  systems,  can  result  in  severe  segregation.  Due  to  the  inherently  sluggish 
difiusion  in  intermetallic  alloys  the  removal  of  as  cast  segregation  in  ingots  by  homogenization  annealing 
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can  be  difficult  and  may  not  be  feasible  in  alloys  with  multiphase  constitution.  With  this  in  mind  an 
effective  strategy  to  produce  homogeneous  alloy  structures  is  powder  processing  and  associated  with  the 
powder  processing  are  rapid  solidification  effects  including  the  formation  of  refined  microstructural  feamres 
and  in  some  cases  metastable  phases.  In  a  number  of  high  melting  temperature  ordered  intermetallics 
relatively  sluggish  crystal  growth  kinetics  are  expected  to  occur  and  to  promote  the  development  of  the 
undercooling  required  for  the  nucleation  and  growth  of  alternate  metastable  structures  with  more  rapid 
solidification  kinetics  [87Gra].  Although  it  is  not  anticipated  that  metastable  phases  will  survive  to  the 
operating  temperature  in  a  structural  application,  it  is  expected  that  the  decomposition  of  a  metastable  phase 
can  provide  a  useful  precursor  to  the  development  of  the  final  microstructure.  With  powder  samples  an 
important  post  solidification  processing  involves  consolidation  through  hot  isostatic  pressing  (HIP)  or  other 
methods.  With  HIP  the  possibility  of  incorporating  reinforcement  phases  in  composite  form  is  also  an 
advantage. 

Throughout  all  of  the  processing  operations  some  of  the  most  fundamental  data  needed  for  the  development 
of  effective  treatments  is  the  relevant  phase  diagram  for  the  system  under  consideration.  All  too  often  there 
are  examples  in  the  current  work  of  heat  treatments  and  processing  operations  which  appear  to  have  no 
basis  in  terms  of  the  phase  equilibria  of  the  systems  which  is  often  unknown  or  of  questionable  reliability. 
Another  crucial  piece  of  information  for  optimized  processing  is  the  recognition  that  specific 
microstructural  designs  are  needed  to  achieve  mechanical  properties  suitable  for  structural  applications  at 
high  temperatures.  Much  progress  has  been  made  in  this  regard  [88Eva]  and  useful  composite  structures 
have  been  made  through  external  processing  i.e.  the  addition  of  fibers  or  dispersoids  to  a  powder  mix  and 
final  consolidation.  However,  it  is  also  possible  to  consider  the  application  of  mechanics  concepts  to 
microstructural  design  through  the  development  of  insitu  microstructural  transitions  to  yield  multiphase 
structures  with  assured  stability  based  on  phase  equilibria  information. 
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The  current  research  effort  involves  four  major  thrust  areas.  In  the  first  area,  the  studies  on  ternary 
aluminides  have  been  persued  toward  the  development  of  processing  controlled  microstructures.  The 
continuing  interest  in  the  ternary  and  higher  order  titanium  aluminides  demonstrates  a  need  for  basic 
information  regarding  the  phase  equilibria  and  the  stability  of  certain  key  alloys.  To  date,  the  Ti-Al-Nb 
system  has  received  a  signifrcant  amount  of  attention.  The  interest  in  the  Ti-Al-Ta  system  has  been 
developed  due  in  part  to  the  chemical  similarity  between  Nb  and  Ta.  Due  to  its  high  melting  point,  Ta 
offers  a  potential  increase  in  the  service  temperature  of  these  alloys.  Similarly,  Mo  additions  have  been 
shown  to  be  most  effective  in  modifying  mechanical  properties.  With  this  point  in  mind  the  discussion  is 
presented  to  focus  on  the  central  features  of  the  principal  phase  equilibria  in  several  ternary  Ti-Al-X  (X=Ta, 
Nb,  or  Mo)  systems.  In  particular,  some  of  the  important  similarities  and  contrasting  phase  equilibria  are 
examined  in  ternary  titanium  aluminide  alloys  with  Ta,  Nb,  and  Mo  additions  to  reveal  the  opportunities  for 
microstructural  manipulation  by  controlling  the  processing  parameters.  The  second  thrust  area  has  focused 
upon  silicide  materials  such  as  MoSii-  Molybdenum  disilicide  has  a  very  high  melting  temperature, 

exceeding  that  of  many  aluminides.  Its  oxidation  resistance  is  due  to  the  formation  of  a  silica  layer  which 
acts  as  a  protective  film  at  high  temperatures  and  indeed  it  is  commercially  used  in  high  temperature 
furnace  applications  [78Sch].  Mechanically,  MoSi2  behaves  as  a  metal  at  high  temperatures,  but  it 
undergoes  a  ductile  to  brittle  transition  at  about  1000®C.  This  is  a  disadvantage  in  the  MoSi2  since  it 

becomes  brittle  at  low  temperatures.  However,  processing  strategies  involving  the  selective  alloying  of 
MoSi2  to  induce  microstructural  transitions  offer  a  possibility  of  overcoming  this  problem.  The  key  to  the 

microstructural  modification  centers  on  the  polymorphic  transformation  toughening  reactions.  The  third 
area  of  focus  has  centered  about  the  Laves  phases.  The  most  abundant  class  of  intermetallic  compounds  is 
the  Laves  phases  [36Lav,61Dwi].  Literally  hundreds  of  binary  and  ternary  compounds  exists  with  melting 
temperatures  ranging  from  7®C  to  over  2000°C.  These  structures  have  shown  promise  for  a  variety  of 
useful  non-structural  applications  by  tailoring  the  alloys  with  solute  additions  for  optimum  property 
response.  There  are  numerous  applications  involving  nonstructural  use  i.e.  hydride  formation  and  magnetic 
behavior.  Although  the  Laves  phases  tend  to  have  a  fairly  large  unit  cells  and  number  of  atoms,  an 
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important  class  of  the  Laves  phases  is  essentially  cubic  and  is  basically  FCC  in  its  stacking.  Recent  work 
has  indicated  that  slip  dislocations  as  well  as  twiiming  are  possible  and  in  multiphase  microstructures 
consisting  of  a  Laves  phase  and  a  BCC  matrix,  useful  ductility  has  been  observed  [79Ino].  The  fourth  thrust 
area  has  focused  upon  the  stability  of  AI2O3  reinforcement  in  a  titanium  alloy  (TIMETAL  21S)  matrix. 

The  reinforcement  of  metals  with  ceramics  causes  an  increase  in  strength,  stiffness,  wear  resistance,  high 
temperature  strength,  and  a  decrease  in  weight.  At  the  same  time,  the  chemical  compatibility  of  the  matrix 
material  with  the  reinforcing  materials  at  high  temperature  is  of  major  concern.  Titanium  alloys  are  found 
to  react  with  AI2O3  [73Tre,92Li].  The  excessive  reaction  at  the  interface  can  severely  degrade  the  strength 

of  the  composite  by  reducing  the  in-situ  fiber  failure  strain.  The  excessive  reaction  at  the  interface  can  also 
have  detrimental  effect  on  the  interfacial  properties.  Most  of  the  current  modification  strategies  to  reduce 
the  reaction  rate  at  metal-matrix  composite  interface  depend  on  the  reduction  of  the  diffusion  rate  by 
interposing  some  kind  of  diffusion  barriers  [82Meh,88Kie,91Kie].  If  the  diffusion  barriers  are  chosen 
properly,  they  do  slow  down  the  diffusion  rate  significantly.  A  comprehensive  evaluation  of  the  stability  of 
AI2O3  in  TIMETAL  2 IS  and  the  suitability  of  Mb  as  a  diffusion  barrier  in  TIMETAL  21 S  /  AI2O3 

composite  have  been  examined. 
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II.  Research  Accomplishments  in  the  TI-Al-X  (X  =  Nb,  Mo,  and  Ta) 

Systems 


Ti-Al-Nb  system 

Some  of  the  most  attractive  aluminides  from  the  viewpoint  of  low  density  and  high  temperature  potential  are 
those  in  the  Ti-Al  system:  a2-Ti3Al  (DO19),  y-TiAl  (LIq),  n-TiAla  (DO22)  and  also  in  the  Nb-Al  system; 
5-Nb3Al  (A-15)  and  r|-NbAl3  (0022)-  In  fact  a  few  alloy  compositions  based  upon  TisAl  with  Mb 

additions  have  been  developed  and  are  being  examined  in  high  temperature  applications  [85Lip].  There 
have  also  been  several  studies  [88Str,88Ban,77Sas,89Mur]  of  some  of  the  phase  relationships  in  a2  alloys 

with  Nb  additions  which  have  revealed  that  at  least  two  ternary  phases,  a  B2  phase  with  a  CsCl  structure 
and  an  O  phase  with  an  orthorhombic  structure  are  present  in  this  system.  Other  studies  [89Ben]  on  several 
ternary  alloys  have  indicated  that  the  B2  phase  field  may  be  quite  extensive  at  high  temperature  and  yield 
alloys  which  exhibit  a  variety  of  decomposition  products  upon  cooling  including  B82  and  o  structures.  The 

reported  investigations  on  the  influence  of  Nb  additions  on  the  phase  relations  in  y-TiAl  alloys  have  also 
been  quite  limited.  However,  it  has  been  established  that  Nb  substitutes  preferentially  on  the  Ti  sites  in  y- 
TiAl  alloys  and  a2-Ti3Al  alloys  [87Kon].  In  the  B2  phase  Nb  substitutes  preferentially  on  the  A1  sites 

[87Ban].  In  some  of  the  current  studies  a  systematic  examination  of  the  ternary  equilibria  has  been 
undertaken  which  involves  the  mapping  of  the  liquidus  surface,  the  determination  of  an  isothermal  section 
at  1200®C  and  the  investigation  of  selected  isoplethal  sections. 


An  examination  of  the  high  temperature  phase  equilibria  in  the  Ti-Al-Nb  system  has  allowed  for  the 
determination  of  the  1200OC  isothermal  section  (figure  1).  The  1 200^0  isothermal  section  for  the  Ti-Al-Nb 
system  has  been  constructed  on  the  basis  of  18  ternary  samples,  as  well  as  several  bulk  difiusion  couples. 
Some  of  the  refinements  of  the  previous  preliminary  diagram  [90Per]  that  are  shown  in  figure  1  include  the 
extension  of  the  bcc  phase  field  over  a  large  composition  range,  the  clarification  of  the  ternary  (T2)  phase 
region,  and  the  smoothing  of  the  composition  variation  of  the  y/y+a  boundary.  The  development  of  the 
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a2+P  two-phase  alloys  based  on  the  Ti-Al-Nb  system  has  shown  potential  for  structural  applications.  Thus, 
the  focus  of  alloy  development  has  now  shifted  to  such  areas  as  a2+7  two-phase  alloys  for  high  temperature 

applications  and  the  alloys  based  on  the  orthorhombic  phase  [92Ros]  for  moderate  temperature  applications. 
The  characteristic  lamellar  microstructure  of  the  a2“h'  alloys  may  allow  for  the  fabrication  of  materials 
which  may  behave  like  composites.  Figure  2  shows  such  a  lamellar  microstructure  consisting  of  a2  and  y 
phases  in  Ti-47Al-6Nb.  Further  processing  methods  like  directional  crystallization  may  allow  for  the 
uniaxial  orientation  of  the  lamellae  throughout  a  component  [91Mah]. 

Near  the  composition  Ti4Al3Nb  it  is  of  interest  to  note  the  presence  of  an  isolated  region  tentatively 

identified  as  a  (shown  as  a*  in  figure  1),  which  is  consistent  with  the  thermodynamic  modelling  results 
[92Kat]  at  1  lOO^C.  This  is  nominally  the  composition  with  which  the  B82  phase  forms  at  low  temperature 

[90Ben],  This  phase  field,  as  shown  in  figure  1,  should  not  be  confused  with  the  previously  mentioned  T2 
phase  [90Per].  The  T2  phase  with  a  B2  structure  has  been  shown  to  have  resulted  from  specific  alloy 
quenching  and  cooling  treatments  [92Per],  and  it  \vill  not  be  considered  further  as  an  equilibrium  phase.  In 
the  present  study  a  Ti-38Al-6Nb  sample  was  equilibriated  at  1200^C  for  165  hours  and  was  then  quenched 
into  brine  solution.  The  sample  revealed  a  distinct  two-phase  microstructure  (figure  3).  Thermal  analysis 
of  this  sample  and  another  alloy  with  a  nearby  composition  revealed  the  presence  of  a  weak  endothermic 
reaction  over  the  temperature  range  of  1200®C  to  1235^C  (figure  4).  This  reaction  is  likely  associated  with 
the  formation  of  the  a  like  (a*)  island. 

The  importance  of  the  knowledge  of  an  alloy's  phase  stability  can  be  illustrated  by  considering  the  phase 
equilibria  of  alloys  in  the  vicinity  of  the  composition  Ti-37Al-10Nb.  At  1200^C  under  the  equilibrium 
conditions,  these  alloys  consist  of  two  phases,  a*  and  B2  (figure  5).  Portion  of  Ti-Al-Nb  ternary  isothermal 
section  closed  to  1200®C  is  shown  in  figure  6a.  However,  on  cooling  these  alloys  undergo  a  series  of 
reactions  down  to  about  1185^C.  During  this  cooling  the  a  phase  is  transformed  to  the  a2  phase;  a  region 
of  the  a  phase  field  stabilizes  in  the  vicinity  of  Ti4Al3Nb  and  separates  from  the  remaining  a  phase  field 
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[92Kat].  As  these  transformations  are  occurring,  the  a  and  a2  phase  fields  are  imdergoing  compositional 
shifts  to  low  aluminum  concentration.  The  shift  in  composition  of  the  a2  phase  field  produces  a  dramatic 
alteration  of  the  phase  equilibria  for  this  region  of  the  ternary  system  in  a  temperature  range  of  only  about 
SO^C.  This  change  in  the  phase  equilibria  upon  cooling  produces  a  change  of  almost  90°  in  the  orientation 
of  the  tie-lines  (figure  6b);  the  a+p  two-phase  field  which  is  stable  at  1200®C  transforms  into  the  a2+7 
two-phase  field  below  11850C. 

A  systematic  study  utilizing  thermal  analysis  and  then  coupling  the  results  with  a  variety  of  heat  treatments 
will  allow  for  the  determination  of  the  boundaries  of  the  stable  phase  regions  over  a  range  of  temperature. 
Such  an  analysis  may  allow  for  the  establishment  of  processing  schedules  which  can  be  used  to  avoid 
unwanted  low  temperature  phases  or  reactions.  Subsequent  heat  treatment  can  be  used  to  dissolve  the  low 
temperature  precipitates;  however  a  complete  removal  may  become  a  rather  difficult  and  time  consuming 
task.  It  is  prudent  to  avoid  such  problems  in  the  first  place  if  at  all  possible.  In  addition  to  establishing 
processing  schedules,  knowledge  of  the  phase  equilibria  may  allow  for  the  retention  of  the  desired  phase 
mixture  through  the  appropriate  addition  of  alloying  elements.  An  example  of  the  importance  of  the 
knowledge  of  the  phase  stability  of  such  an  alloy  can  be  appreciated  by  examining  alloys  in  the  p/B2  phase 
region  near  the  composition  Ti4Al3Nb  where  the  B82  phase  is  known  to  form  [92Ben].  An  example  of  the 

formation  of  low  temperature  phase(s)  can  be  seen  in  figure  7a.  The  sample  (Ti-30Al-18Nb)  was  subjected 
to  a  p  solutionizing  treatment,  at  1300°C  for  24  hours,  followed  by  slow  furnace  cooling.  A  subsequent  heat 
treatment  at  1200°C  for  24  hours  followed  by  brine  solution  quenching  was  unable  to  fully  remove  the 
precipitates  from  the  sample  (figure  7b).  Although  significantly  long  annealing  time  will  eventually 
dissolve  the  precipitates,  a  slow  cooling  from  the  annealing  temperature  will  result  in  their  re-precipitation. 
Low  temperature  phases  like  B82  can  only  be  avoided  by  rapid  quenching,  and  thus  the  actual  phase 

equilibria  at  elevated  temperatures  can  only  be  studied  in  these  samples. 
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Figure  1.  1200OC  isothermal  section  for  the  Ti-Al-Nb  system. 


Figure  3.  Micrograph  of  alloy  114  (Ti-38Al-6Nb),  etched,  annealed  at  1200°C  for  165  hours  then  water 
quenched. 
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Figure  4.  DTA  thermogram  of  alloy  1 14  (Ti-38Al-6Nb),  as  cast,  heating  rate  of  30OC/min. 


Figure  5.  Micrograph  of  alloy  15  (Ti-37Al-10Nb),  etched,  annealed  8  days  at  1200®C  then  water  quenched, 
showing  a  two-phase  B2+a*  inicrostructure. 


Figure  6.  Portions  of  Ti-Al-Nb  ternary  isothermal  sections 


r 


15 


Figure  7.  (a)  An  optical  micrograph  of  Ti-30Al-18Nb  subjected  to  a  p  solutionizing  treatment  at  1300®C 
for  24  hours  followed  by  slow  furnace  cooling,  (b)  The  effect  of  a  heat  treatment  at  1200°C  for  24  hours 
followed  by  brine  quenching  on  tlie  microstructure  of  figure  7a. 
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Ti-Al-Ta  system 

Although  good  progress  has  been  made  in  clarifying  the  binary  equilibrium  diagrams  for  the  aluminides, 
especially  in  the  case  of  the  Ti-Al  system  [89Mis,89McC,91Mis],  there  are  still  some  questions  that  remain 
to  be  resolved.  For  example,  in  the  Ta-Al  system  previous  work  [73Kim]  reported  the  existence  of  only  two 
intermetallic  phases  (Ta2Al,  a  (D8)  and  TaAl3,  q  (DO22)).  However,  recent  studies  indicated  the  presence 
of  other  intermetallic  phases  with  the  compositions  near  TaAl  [90Sub],  TaAl2  [92Sub],  and  Ta2Al3 

[85Sch].  The  information  on  the  ternary  Ti-Al-Ta  system  is  quite  limited.  In  1966,  Raman  [66Ram] 
proposed  an  isothermal  section  at  1000°C  revealing  an  extensive  solubility  of  the  p  (bcc),  a,  a2  (DO19), 
and  Y  (LIq),  and  a  complete  solubility  of  the  q  binary  phases  within  the  ternary  system.  In  1983,  Sridharan 

and  Nowotny  [83  Sri]  reported  an  isothermal  section  at  1100^0  confirming  the  extensive  solubility  into  the 
ternary  system  of  the  various  binary  phases.  They  also  reported  the  complete  miscibility  between  TaAl3  and 
TiAl3,  but  did  not  consider  a  third  intermetallic  in  the  Ta-Al  system  between  Ta2Al  and  TaAly.  In  both 

ternary  phase  equilibria  studies  [66Ram,83Sri],  no  evidence  was  reported  for  tlie  development  of  specific 
ternary  phases.  The  existence  of  a  ternary  phase  of  ordered  bcc  (B2  or  Po)  structure  near  the  composition 

Ti-25Al-25Ta  was  reported  by  Das  et  al.  [191Das.  Another  isothermal  section  that  has  been  examined  in 
the  Ti-Al-Ta  temaiy  system  is  the  1450OC  one  [91Wea].  The  crystal  structures  of  die  6  and  TaAl  phases 
have  been  studied  by  transmission  electron  microscopy  [91McC,92Wea].  The  crystal  structure  of  the  5 
phase  has  been  determined  to  have  a  complex  bcc  type  structure  with  a  lattice  parameter  of  about  1.92  nm. 
The  TaAl  ((f))  type  phase  has  yet  to  be  fully  characterized;  but  it  is  thought  to  be  consisting  of  a  large  and 
complex  monoclinic  crystal  structure  [93McC].  Further  work  by  McCullough  et  al.  [91McC^]  has  lead  to 
the  determination  of  the  solidification  pathways  of  several  alloys  in  this  system.  The  influence  of  Ta 
additions  in  slowing  down  divisional  processes  and  the  a2  layer  growth  kinetics  in  several  P(TaxTii.x)/y 
difhision  couples  have  been  reported  [91Das].  A  reduction  in  the  a2  layer  growth  rate  by  a  factor  of  about  8 
is  possible  by  increasing  the  amount  of  Ta.  Some  of  the  highlights  of  the  current  work  are  presented  below. 
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1100®C  Isothermal  Section:  An  investigation  of  the  1  lOOOC  isothermal  section  of  the  Ti-Al-Ta  system  has 
indicated  extensive  solubilities  of  several  phases  in  the  ternary  phase  fields,  as  shown  in  figure  1.  These 
involve  the  P,  B2,  ai,  y,  a,  and  ri  phases.  The  other  phases,  a  (cph),  5,  and  ^  (TaAl  type),  present  at  this 

temperature  exhibit  narrower  or  less  extensive  solubilities  than  the  aforementioned  phases.  In  most  cases 
the  boundaries  of  various  phase  fields  were  determined  from  the  quenched  samples,  but  the  extent  of  the  p, 
a,  and  a2  phase  fields  into  the  ternary  diagram  were  determined  from  diffusion  couple  studies.  The  phase 

equilibria  work,  involving  both  diffusion  couple  study  and  bulk  alloy  sample  study,  definitely  indicates  the 
presence  of  a  ternary  phase  (B2  or  po)  near  the  composition  Ti-25Al-25Ta.  The  extent  of  this  B2  phase 

field  has  yet  to  be  fully  established  at  1100®C.  However,  work  to  date  has  shown  that  the  B2  phase  field 
extends  at  least  to  the  composition  of  Ti-30Al-20Ta.  Transmission  electron  micrograph  and  the  selected 
area  electron  diffraction  patterns  (SADP)  of  the  B2  phase  present  in  Ti-33Al-20Ta  are  shown  in  figure  2. 
The  sample  was  annealed  at  1300OC  for  36  hours  and  then  at  IIOOOC  for  120  hours  followed  by  fiimace 
cooling.  The  ternary  phase  is  indicated  in  the  micrograph  as  B2.  There  is  some  second  phase  (probably  0.2) 

present  in  the  sample  probably  due  to  the  alloy  composition  lying  near  the  ternary'  phase  boundary-.  The 
diffraction  patterns  contain  superlattice  spots  as  indicated  by  arrows.  From  the  subsequent  analysis  it  is 
clear  that  the  crystal  structure  of  the  ternary  phase  is  ordered  bcc  (B2).  The  <01 1>  SADP  of  figure  2  was 
obtained  at  a  very  long  exposure  time  and  shows  diffuse  intensity  maxima  at  g=2/3<21 1>  and  g=l/3<l  1 1>. 
The  diffuse  intensity  maxima  arise  due  to  the  development  of  the  ordered  co-related  phase.  The  co-related 
phase  forms  as  the  decomposition  product  from  the  B2  phase  during  aging  or  slow  cooling. 

A  detailed  study  on  the  ordering  of  the  B2  phase  in  Ti-33Al-17Ta  alloy  has  been  published  elsewhere 
[91Das^].  Thermal  analysis  suggests  that  the  ordering  of  the  B2  phase  is  most  likely  taking  place  around 
1 200^0.  To  study  this  transformation  samples  were  annealed  at  both  IIOQOC  and  1300OC  followed  by 
quenching  in  water.  The  SADPs  obtained  from  the  IIOOOC  heat  treated  sample  indicate  superlattiee 
reflections,  and  subsequent  analysis  suggests  that  they  are  from  the  ordered  bcc  (B2)  phase.  No  antiphase 
boundary  (APB)  was  found  in  the  microstructure,  and  this  is  due  to  annealing  below  the  ordering 


18 


temperature.  The  APBs  have  enough  time  to  grow  during  this  annealing  treatment,  and  eventually  the 
whole  grain  becomes  one  complete  ordered  domain.  The  SADPs  obtained  from  the  ISOO^C  heat  treated 
sample  also  show  superlattice  reflections  indicating  the  presence  of  an  ordered  bcc  phase.  The  presence  of 
thermal  APB  in  the  microstructure  of  the  sample  quenched  from  1300®C  is  evident  in  figme  3.  This  indeed 
confirms  that  the  bcc  to  B2  ordering  is  taking  place  between  1100°C  and  1300°C  as  a  solid-state 
transformation  [91Das^,87Cah,91Pra].  Although  the  sample  was  quenched  from  the  disordered  bcc  phase 
field  at  1300®C,  the  rate  of  the  bcc->B2  ordering  reaction  is  so  high  that  rapid  quenching  can  not  arrest  this 
transformation. 

This  type  of  order-disorder  transformation  is  most  probably  of  the  second-order  type  [81Por].  It  is  well 
known  that  the  second  order  transformations  are  not  rate  limited  by  nucleation  and  therefore  they  do  not 
show  any  transformation  temperature  hysteresis  due  to  the  change  in  heating  or  cooling  rate.  This  simply 
means  that  if  the  heating  or  cooling  rale  is  changed  the  second  order  transformation  will  take  place  at  the 
same  temperature;  therefore,  significant  undercooling  or  superheating  will  not  develop  at  the 
transformation  point.  The  DTA  peak  for  this  transformation  in  the  alloy  Ti-33Al-17Ta  is  present  near 
1200®C.  Figure  4  represents  the  DTA  results  showing  the  effect  of  heating  and  cooling  rates  on  the 
temperature  of  this  order-disorder  transformation.  It  is  clear  that  there  is  no  hysteresis  observed  for  this 
transformation  around  1200°C.  It  is  also  known  that  in  the  case  of  the  first  order  transformation  there  is 
always  a  two-phase  region  below  the  ordering  temperature  for  non-stoichiometric  compositions  [81Por].  In 
that  case  the  disordered  phase  transforms  upon  change  in  temperature  to  a  mixture  of  ordered  precipitate 
and  disordered  matrix  of  different  composition.  But  in  the  case  of  the  second  order  transformations  there  is 
no  such  two-phase  structure  existence.  The  present  alloy  composition  of  interest  is  not  perfectly 
stoichiometric,  and  no  disordered  bcc  phase  is  observed  in  the  quenched  microstructure.  The  absence  of  the 
disordered  bcc  phase  in  the  as-quenched  microstructure,  the  evidence  of  thermal  APBs  in  the  B2  phase,  and 
the  absence  of  thermal  hysteresis  for  the  order/disorder  transformation  confirm  that  the  ordering  of  B2 
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phase  is  indeed  taking  place  as  a  solid-state  transformation  around  1200OC,  and  it  is  most  probably  a  second 
order  transformation. 

14400c  Isothermal  Section:  A  composite  1440OC  isothermal  section  is  determined  by  combining  the 
experimental  results  of  the  current  study  with  the  data  of  several  other  research  groups 
[93McC,91Boe,91Wea].  The  three-phase  fields  identified  at  this  temperature  include  the  a+5-i-a,  a+|3+a, 
S+rj-Hy,  and  ri+y+L  phase  fields.  Although  only  the  a+b-hx  and  ri-Hy+L  three-phase  fields  are  identified  on 
the  diagram  (figure  5),  other  three-phase  fields  can  be  extrapolated  from  the  given  two-phase  tie-lines.  An 
estimation  of  the  a+p+a  and  b+ri+a  three-phase  fields  has  been  omitted  from  the  diagram  in  order  to 
illustrate  more  clearly  the  other  known  equilibria.  The  a+p+a  three-phase  field  is  bound  by  the  a+p  and 
a+a  two-phase  tie-lines,  as  determined  in  this  work.  X-ray  analysis  of  the  quenched  sample  (Ti-51A1- 
31Ta)  indicates  the  presence  of  p  in  the  sample  yielding  the  a+a  two-phase  tie-line,  but  the  P  regions  of  the 
samples  are  too  small  to  study  by  EPMA.  The  5+a+T|  three-phase  field  is  bound  by  the  S+q  and  a+q  tie¬ 
lines,  as  reported  by  Weaver  et  al.  [91Wea],  and  by  the  a+a+5  three-phase  field,  as  determined  in  the 
present  study. 

By  comparing  the  1440^0  isothermal  section  with  the  1100^0  section,  the  most  striking  differences  are  the 
changes  in  the  solubilities  of  the  a,  p,  and  y  phases.  The  most  drastic  change  is  the  solubility  of  the  a  phase 
which  decreases  from  about  30  at.%  Ta  at  1440OC  to  about  10  at.%  Ta  at  llOO^C.  At  the  same  time  the 
region  of  stability  for  the  p  phase  shifts  considerably  away  from  the  Al  comer  of  the  system,  although  its 
general  shape  remains  unchanged.  The  most  significant  change  in  the  y  phase  between  these  two 
temperatures  is  an  expansion  of  the  width  of  the  phase  field.  Another  item  to  note  about  the  1440°C 
isothermal  section  is  the  absence  of  the  <|)  phase.  Work  by  McCullough  [93McC]  indicates  that  the  4.  phase 
does  not  exist  at  1440®C,  as  shown  by  their  a+6  two-phase  tie-line.  Quenching  and  DTA  studies  of  the 
alloys  in  this  region  reveal  that  the  solubility  of  the  cj)  phase  into  the  ternary  diagram  decreases  as  the 
temperature  is  increased  from  IIOOOC,  and  it  eventually  disappears  via  a  peritectoid  reaction.  At  the  same 
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time  the  5  phase,  which  has  almost  no  solubility  into  the  ternary  diagram  at  1100°C,  steadily  extends  into 
the  ternary  as  the  temperature  rises. 
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Figure  2.  The  transmission  electron  micrograph  of  Ti-33Al-20Ta  and  the  selected  area  diffraction  patterns 


obtained  from  the  B2  phase. 
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Figure  3.  Transmission  electron  micrograph  of  the  B2  phase  in  Ti-33Al-17Ta  (quenched  from  1300®C) 
showing  thermal  phase  boundary. 
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Figure  4.  A  set  of  DTA  for  Ti-33Al-17Ta  showing  the  effect  of  heating  and  cooling  rates  on  the 
temperature  of  order/disorder  transformation. 


Figure  5.  The  1 440^0  isothannal  section  of  the  Ti-Al-Ta  system. 
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Ti-Al-Mo  system 

In  the  development  of  titanium  aluminide  alloys  for  structural  applications,  the  attainment  of  the  most 
attractive  mechanical  performance  has  involved  the  processing  of  multiphase  alloy  compositions.  In  TiyAl 
based  alloys  there  have  been  extensive  investigations  on  the  influence  of  a2  (DO  19)  and  p  (A2)  or  Po  (B2) 

phase  morphologies  on  mechanical  properties  [88Str,90Cho].  Similarly,  in  TiAl  based  alloys  the 
morphologies  of  the  y  (LIq)  and  a  (A3)  or  aj  phases  play  a  key  role  in  the  optimization  of  mechanical 

properties  [91Kim,91Kim^].  In  order  to  identify  other  multiphase  microstructural  options,  the  examination 
of  two  phase  y  and  p  or  Pq  alloys  is  of  interest.  A  consideration  of  the  Ti-Al  phase  diagram  demonstrates 

that  y+p  two-phase  mixtures  can  not  be  obtained  in  binary  alloys  [91Mis].  However,  a  review  of  the 
literature  indicates  that  ternary  additions  of  beta  stabilizing  refractory  metals  such  as  Cr  [91Mas],  W 
[83Mar],  Nb  [92Per],  Ta  [92Per],  and  V  [92Shi]  can  allow  for  the  development  of  y+p  microstructirres 
which  usually  appear  with  a  duplex  equiaxed  morphology  [91Kim,91Kim^].  In  the  current  work,  the 
sequence  of  phase  equilibria  leading  to  the  development  of  a  y+B2  microstructure  with  a  new  lamellar 
morphology  has  been  defined  in  Ti-Al-Mo  alloys. 

The  early  work  in  the  Ti-Al-Mo  system  focussed  on  the  Ti-rich  comer  of  the  ternary'  diagram 
[54Mar,66Min].  Margolin,  Nielson,  and  Work  [54Mar]  reported  2  wt.%  solubility  of  Mo  in  the  y-phase  at 
1000°C,  whereas  Ge  Dhzhi-Min  and  Pylaeva  [66Min]  reported  11.5  wt.%  Mo  solubility  in  the  y-phase  at 
the  same  temperature.  Both  studies  reported  1  wt.%  Mo  solubility  in  the  a  phase  and  the  existence  of  a  P+y 
two-phase  field.  The  presence  of  the  P+y  two-phase  field  and  the  a+p+y  three-phase  field  in  the  ternary 
diagram  were  projected  from  the  then  accepted  binary  Ti-Al  phase  diagram.  However,  the  work  of 
Baneijee,  Knshnan,  and  Vasu  [80ban],  showed  that  the  difficulties  of  explaining  the  observed  as-cast 
microstructures  of  ternary  alloys  with  a2+y  phases  required  the  existence  of  a  high  temperature  a-phase 

field.  Banerjee  et  al.  [80Ban]  utilized  the  modified  Ti-Al  phase  diagram  by  Margolin  [73Mar]  which 
contained  the  high  ternperamre  a-phase  field,  and  explained  the  existence  of  the  p+y  and  a+p+y  phase 
fields  by  a  solid-state  three-phase  equilibrium  with  a  temperature  maximum.  However,  the  existence  of  a 
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three-phase  equilibrium  with  a  temperature  maximum  would  require  two  separate  a+p+y  three-phase  fields, 
and  only  one  was  observed  in  the  regions  investigated.  The  existence  of  an  ordered  bcc  (B2  or  Po)  type 

structure  in  the  Ti-Al-Mo  system  at  high  Mo  level  near  Ti-25Al-25Mo  was  first  identified  by  Bohm  and 
Lohberg  [58Boh].  The  two  extensive  investigations  discussed  earlier  [54Mar,66Min]  did  not  indicate 
whether  the  p-phase  was  ordered  in  the  p+y  alloys.  The  TEM  investigation  by  Baneijee  et  al.  [80Ban]  did 
not  reveal  any  B2  ordering.  It  was  suggested  that  the  B2  ordered  region  did  not  extend  to  the  p 
compositions  in  the  p4y  two-phase  alloys  investigated.  In  the  current  work,  the  sequence  of  phase  equilibria 
leading  to  the  development  of  a  y+Po  microstrucmre  with  a  new  lamellar  morphology  has  been  defined  in 
Ti-Al-Mo  alloys. 

The  optical  micrograph  in  figure  l(a)and  the  bright-field  transmission  electron  micrograph  in  figure  1(b)  of 
an  annealed  (1240^C/150  hours)  Ti-50Al-5Mo  alloy  shows  a  two-phase  lamellar  microstructure.  X-ray 
diffraction  analysis  shows  that  these  two  phases  are  y  and  p.  The  transmission  electron  microscopy  shows 
that  y-twms  are  also  present  in  the  sample.  The  XRD  results  do  not  reveal  any  superlattice  reflection  from 
the  p-phase.  In  agreement  with  the  analysis  given  by  Bohm  and  Lohberg  [58Boh],  a  calculation  of  the  size 
of  the  ordered  peaks  indicates  that  the  ordered  peak  intensity  would  only  be  1  to  2  %  of  the  maximum  peak 
intensity.  The  electron  microdiSraction  patterns  obtained  from  tlie  p  phase  clearly  show  superlattice 
reflections  indicating  ordering  of  the  bcc  phase.  In  order  to  define  more  completely  the  structure  of  each  of 
the  phases  present  in  figure  1(b),  a  series  of  electron  diffraction  experiments  was  performed  (figures  2,3,4, 
and  5)  [93Das].  The  point  groups  of  the  y  and  ordered  p  (Po  or  B2)  phases  are  determined  by  convergent 

beam  electron  diffraction  analysis  (CBED)  as  4/mmm  and  m-^Sm,  respectively.  From  the  electron 
diffraction  analysis,  it  can  be  found  that  the  highest  atom  density  planes  of  y  and  Po  are  parallel  to  each 
other. 

The  diffraction  analysis  clearly  identifies  that  the  lamellar  microstructure  consists  of  y  and  B2  phases,  but 
the  morphology  is  noteworthy  since  it  is  the  reminiscent  of  the  lamellar  ai  and  y  microstructure  [91Kim]. 
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An  ongoing  analysis  of  the  phase  equilibria  in  the  Ti-Al-Mo  system  indicates  that  the  Ti-50AI-5Mo  alloy  is 
essentially  single  phase  p  at  MOO^C,  and  evolves  into  an  a+p  two-phase  field,  an  a+y+p  three-phase 
region,  and  then  a  y+B2  two-phase  field  with  decreasing  temperature.  The  location  of  the  y+B2  two-phase 
field  at  1175®C  is  defined  in  figure  6,  based  upon  EPMA  measurements  of  phase  compositions  in  the  Ti- 
50A1-5MO  and  Ti-45Al-3Mo  samples  after  an  annealing  treatment  of  3  days  at  1300®C  followed  by  6  days 
at  1 175OC.  From  this  sequence  of  phase  equilibria,  the  high  temperature  a+y  lamellar  structure  transforms 
to  a  B2+y  structure  with  only  a  minor  change  in  the  y  phase  composition  and  a  replacement  of  the  a  phase 
by  the  B2  phase.  As  a  result,  the  B2+y  morphology  appears  to  be  inherited  from  a  high  temperature  a+y 
lamellar  structure,  and  the  B2/y  crystallography  reflects  the  a->B2  transformation.  In  binary  Ti-Al  alloys, 
the  a(a2)/y  interfaces  are  almost  fully  coherent  and  exhibit  a  low  mobility  [90Mah].  For  the  B2/y  interfaces 

in  Ti-50Al-5Mo,  the  misfit  along  the  close  packed  directions  is  about  3.5%,  based  upon  the  measured  lattice 
parameters.  The  lamellar  B24y  morphology  is  relatively  stable  to  a  high  temperature  exposure  of  1240OC 
for  150  hours,  but  does  exhibit  some  modification  at  longer  times.  With  controlled  thermal-mechanical 
processing,  other  non-lamellar  B2+y  morphologies  may  be  produced  either  by  treatment  at  high  temperature 
of  the  a+y  phase  mixtures  [91kim^]  and  then  cooling  or  by  treatment  of  the  p+y  phase  mixtures. 
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Figure  1.  (a)  An  optical  micrograph  and  (b)  a  bright-field  transmission  electron  micrograph  of  an 
annealed  (1240®C/150hours)  Ti45Al5oMo5  alloy  showing  a  lamellar  microstructure  consisting  of  y  and  Po 

(B2). 
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Figure  2.  A  set  of  SAD  patterns  obtained  from  the  y-phase  of  figure  lb  with  the  incident  electron  beam 
direction  parallel  to  the  [100],  [Oil],  and  [111]  zone  axes. 
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Figure  3.  (a)  Long  and  (b)  short  camera  length  convergent  beam  electron  diffraction  patterns  from  the 
[100]  zone  axis  of  the  y-phase  of  figure  lb. 
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Figure  4.  A  set  of  microdiffraction  patterns  obtained  from  the  (3o  phase  of  figure  lb  with  the  incident 
electron  beam  direction  parallel  to  the  <01 1>  and  <012>  zone  axes. 
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Figure  5.  (a)  Long  and  (b)  short  camera  length  convergent  beam  electron  diffraction  patterns  from  the 
<100>  zone  axis  of  the  phase  of  figure  lb. 
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Figure  5.  A  portion  of  the  1175^C  isothermal  section  of  the  Ti-Al-Mo  ternary  phase  diagram.  The  alloy 
compositions  are  indicated  by  solid  circles.  The  ends  of  the  tie-line  and  the  corners  of  the  tie-triangle  are 
indicated  by  open  squares  and  circles,  respectively. 
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III.  Research  Accomplishments  in  the  MoSiz-based  Alloys 


The  successful  application  of  MoSi2-based  alloy  systems  for  structural  applications  at  elevated  temperatures 
(T  >  I6OOOC)  will  require  the  improvement  of  mechanical  properties  without  degradation  of  oxidation 
resistance  or  compound  thermal  stability  at  high  temperature.  MoSi2-matrix  composite  designs  have  been 
forwarded  to  address  low  temperature  toughness  and  high  temperature  creep  resistance  [89Mes].  However, 
these  matrix  /  composite  designs  have  several  metallurgical  drawbacks  such  as  dispersoid  dissolution, 
thermal  expansion  and  thermal  conductivity  mismatch  and  low  oxidation  resistance  of  dispersoids  (e.g. 
TiB2,  SiC,  Mb).  The  application  of  novel  solid  solution  hardening  methods  to  monolithic  MoSi2  based 
alloys  could  provide  an  attractive  technological  alternative  to  the  matrix  /  composite  approach  but  has  been 
largely  unexploited.  MoSi2  undergoes  a  transition  between  a  high  temperature  C40  strucmre  to  Cl  lb  phase 
at  about  1900OC  [72Svel.  The  polymorphic  transition  of  MoSi2  offers  a  new  opportunity  for  microstructure 
control  in  this  intermetallic  that  does  not  appear  to  have  been  examined  previously.  It  appears  that  with 
modest  additions  of  selected  disilicides  it  will  be  possible  to  modify  the  polymorphic  transition  temperature, 
to  produce  useful  level  of  solid  solution  strengthening,  and  to  precipitate  dispersoids  phases  without 
significant  degradation  of  oxidation  resistance  [76Fit]. 

TiSi2  -  MoSi2: 

The  pseudobinary  TiSi2  -  MoSi2  was  investigated  by  Svechnikov  et.  al.[72Sve]  and  is  shown  in  figure  1. 
The  MoSi2  rich  side  of  the  pseudobinary  feamres  intersilicide  reactions  between  hexagonal  (C40)  disilicide 
(referred  as  P-phase)  and  tetragonal(Cl  Ijj)  MoSi2  (referred  as  t-MoSi2).  This  crystalline  phase  sequence  is 
typical  of  a  broad  class  of  transition  metal  intersilicide  reactions.  The  disilicide  crystal  structures  are 
composed  of  the  close-packed  stacking  sequence  ABC  of  (001)  planes  in  the  C40  hexagonal  structure  and 
the  body-centered  stacking  sequence  A°B®  of  (110)  planes  in  the  Cl  Ijj  tetragonal  structure.  The  P-phase 
exhibits  an  extensive  range  of  solubility  which  intersects  the  MoSi2  terminus  above  ISOO^C  and  forms  a 
two  phase  field  (  P  +  t-MoSi2)  below  1860®C.  The  pseudobinaiy  confirms  that  relatively  small  additions  of 
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Ti  to  MoSi2  stabilize  a  hexagonal  structural  form  of  MoSi2  into  temaiy  solutions.  The  TiSi2  -  MoSi2 
pseudobinary  system  was  selected  to  investigate  the  perturbation  of  MoSi2  phase  stability  resulting  from 
alloying  additions  and  to  develop  an  understanding  of  C40  ->  Cl  Ijj  intersilicide  reactions. 

Experiments  were  conducted  on  MoSi2  -  TiSi2  alloys  to  resolve  conflicting  data  in  the  literature.  The 
diagram  of  figure  1  [72Sve]  shows  MoSi2  with  a  polymorphic  transition  from  Cl  lb  to  the  C40  phase  on 
heating  above  ISbO^C.  The  Cl  lb  structure  has  limited  solubility  of  TiSi2  in  MoSi2.  The  diagram  shows 
the  C54  form  of  TiSi2  and  a  large  homogeneity  range  for  the  C40  phase.  The  accuracy  of  this  diagram  is 
suspect  because  of  the  large  curvature  of  the  boundary  between  the  C40  and  (C40  +  Cl  lb)  phase  fields  near 
1860°C  (no  heat  of  transformation  data  is  available  to  check  this  slope).  The  liquidus  data  are  for  the  C40 
phase  except  near  the  TiSi2  side  of  the  diagram.  There  is  no  liquidus  for  the  Cl  lb  phase  because  of  the 
supposed  polymorphic  transformation  of  the  Cl  lb  on  heating  above  ISbO^C. 

The  MoSi2  -  TiSi2  quasi-binary  diagram  was  determined  in  the  present  work  by  combining  the  SEM 
results  and  XRD,  EDS,  and  DTA  analysis  (figure  2).  The  experiments  used  to  determine  this  diagram  used 
alloys  prepared  from  research  purity  elements  by  arc  melting  the  pure  elements  in  gettered  argon  with 
several  remelts  to  ensure  homogeneity.  A  scanning  electron  micrograph  of  the  arc  melt  as  processed  32Mo- 
01Ti-67Si  alloy  (figure  3)  shows  light  contrast  primary  dendrites  with  surrounding  interdendritic  phase. 
The  EDS  chemical  analysis  of  the  dendrites  confirms  the  primary  solid  to  be  MoSi2  and  the  interdendritic 
phase  to  be  p-phase.  The  solidification  morphology  of  p  phase  suggests  that  it  has  formed  from  the  liquid 
through  a  peritectic  reaction,  L  +  a-MoSi2  =  P-(Ti,Mo)Si2.  The  temperature  for  the  peritectic  reaction, 
liquid  +  Cllb  ->  C40,  was  determined  by  the  heat  treatment  of  samples  in  gettered  helium  or  argon  at 
successively  higher  temperatures  until  an  indication  of  partial  melting  was  observed  metallographically  after 
quenching  at  about  400°C  min’^.  The  liquidus  composition  at  the  peritectic  temperature  was  estimated 
from  microprobe  data  taken  from  the  quenched  liquid. 
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An  electron  micrograph  of  an  as-cast  25Mo-08Si-67Si  alooy  is  shown  in  figure  4.  The  solidification 
microstructure  of  arc  melt  processeed  25Mo-08Ti-67Si  alloy  displays  a  three  part  solidification  pathway; 
primary  tetragonal  a-MoSi2  dendrites,  peritectic  formation  of  (3-(Ti,Mo)Si2  and  peritectic  formation  of  y- 
(Mo,Ti)Si2.  The  microstructure  (figure  4)  shows  that  the  primary  dendrites  of  t-MoSi2  are  totally 
enveloped  by  p-phase.  The  p-phase,  in  turn,  is  completely  enveloped  by  y-phase  which  has  formed  from  the 
last  liquid  to  solidify  in  the  sample.  The  presence  of  y-phase  would  indicate  the  liquid  composition  has 
proceeded  along  the  liquidus  to  the  peritectic  reaction  L  +  P-(Ti,Mo)Si2  =  y-TiSi2.  The  peritectic 
temperature  for  the  peritectic  reaction,  liquid  +  P-(Ti,Mo)Si2  ->  y-TiSi2,  near  the  TiSi2  side  of  the 
diagram,  was  determined  by  differential  thermal  analysis  mesurements.  The  data  points  shown  for  the 
subsolidus  regions  were  determined  by  microprobe  analysis  of  samples  heat  treated  in  gettered  helium  and 
quenched  at  about  400^0  min"^.  The  very  limited  solubility  of  TiSi2  in  MoSi2  is  confirmed  as  well  as  the 
existence  of  a  wide  C40  region  in  the  middle  of  the  diagram.  A  schematic  of  the  solidification  pathway  of 
alloys  along  the  MoSi2-TiSi2  section  is  shown  below: 

L  =  a-MoSi2  Tm  =  2030^0 

L  +  a-MoSi2  =  P-(Ti,Mo)Si2  Tp  =  ISSO^C 

L  +  p-(Ti,Mo)Si2  =  Y-TiSi2  Tp  =  1510OC 

L  =  TiSi2  Tm  =  1490OC 


The  Cllb  to  C40  polymorphic  transformation  in  pure  MoSi2: 

The  experimentally  determined  MoSi2  -  TiSi2  diagram  and  the  solidification  path  analysis  [91Fra]  indicates 
the  absence  of  the  Cl  I5  to  C40  transformation  in  pure  MoSi2,  although  a  MoSi2  polymorphic  transition  is 
shown  in  the  binary  Mo-Si  system  [90Mas].  Figure  5  compares  the  general  shape  of  the  phase  boundaries 
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of  the  MoSi2  -  TiSi2  diagram  found  in  the  literature  [72Sve]  with  those  measured  in  the  present  work.  The 
diagram  m  the  literature  contains  the  polymorphic  transformation  in  pure  MoSi2  that  gives  rise  to  a  two- 
phase  region  between  C40  and  Cl  lb  with  TiSi2  additions.  The  key  difiFerence  between  the  diagram  in  the 
literature  and  the  revised  diagram  of  this  work  is  an  increase  in  the  polymorphic  transformation  temperature 
to  above  the  melting  point  of  MoSi2.  The  upper  part  of  the  (Cl  lb  +  C40)  two-phase  field  is  thus  metastable 
and  the  pentectic  reaction,  liquid  ->  Cl  lb  +  C40,  is  naturally  generated.  If  one  were  to  extrapolate  the 
e.xperimental!y  measured  boundaries  of  the  (Cllb  +  C40)  phase  field  upward  in  temperature  in  the  revised 
M0S12  -  T1S12  diagram  (figure  2),  there  is  no  possibility  that  the  boundaries  can  converge  at  the  MoSi2 
terminus  axis  at  a  temperature  below  the  melting  point  of  MoSi2  (Tm  =  2020^0). 

The  possible  arrangements  for  the  free  energy  vs.  temperature  behavior  for  the  liquid,  Cllb  and  C40  phase 
for  pure  MoSi2  are  shown  schematically  in  figure  6.  In  this  figure  the  lowest  curve  at  any  temperature 
represents  the  stable  equilibrium  phase  and  the  intersections  of  the  free-energy  curves  correspond  to  the 
transition  ternperamres.  If,  for  pure  MoSi2.  the  Cllb  phase  transformed  to  the  C40  structure  during 
heating  below  the  melting  point,  one  would  have  the  relationships  shown  in  figure  6(a).  On  the  contraiy,  if 

the  Cllb  structure  is  stable  to  the  melting  point,  then  the  free-energy  relationships  would  exist  as  in  figure 
6(b). 


MoSi2  -  CrSi2: 

The  temaiy  alloying  of  MoSi2  with  transition  metals  (i.e.,  TM  =  Nb,  Cr,  Ti,  and  Ta)  involves  the  formation 
of  ternary  silicide  complexes  (Mo.TM)Si2  and  (Mo,TM)5Si3  [90Pet].  The  temaiy  alloying  of  MoSi2  with 
transition  metal  additions  may  add  some  degree  of  solid  solution  strengthening  and  effect  microstructural 
toughening  via  methods  for  second  phase  precipitation  within  the  MoSi2  matrix. 

The  solidification  microstructure  of  MoSi2-rich  alloys,  along  the  MoSi2-CrSi2  temaiy  section,  displays  a 
rivo  phase  mixture  of  primary  MoSi2  (Cllb)  and  intercellular  temaiy  CrSi2  (C40).  An  example  of 


38 


solidification  morphology  of  an  alloy  (5Cr-28Mo-67Si)  is  shown  in  figure  7(a).  The  arc  melt  processed 
solidification  morphology  of  MoSi2  displays  conformal  interfaces  indicative  of  prior  liquid/solid  interfaces 
and  would  suggest  the  MoSi2  dendrites  have  formed  as  a  primary  solid.  The  level  of  Cr  solubility  in  MoSi2 
was  observed  to  be  3  atomic  percent  after  thermal  armealing. 

The  CrSi2  terminus  side  features  the  formation  of  a  hexagonal  ternary  disilicide  with  relatively  extensive 
Mo  solution  in  comparison  to  the  reciprocal  solubility  behavior  exhibited  in  MoSi2-rich  alloys.  The 
chemical  analysis  of  annealed  CrSi2-rich  alloys  (lOOQOC  400h  and  13750C  98h)  would  indicate  that  a 
continuous  series  of  solid  solutions  exists  between  binary  CrSi2  and  the  ternary  composition  of  17Cr-16Mo- 
67Si.  Therefore,  binary  CrSi2  exhibits  relatively  large  solubility  for  Mo.  The  composition  analysis  of  the 

solidification  microstructures  of  25Cr-07Mo-68Si  and  29Cr-03Mo-68Si  alloys  (figure  7(b))  points  to  a 
complex  solidification  pathway  which  involves  the  formation  of  a  primary  solid  (Cr^-MoQ  33-x)Si2.  where 

0.33  >  X  >  0.16,  with  cellular  morphology  surrounded  by  intercellular  Si  and  (CrSi2  +  Si)  eutectic  structure. 
The  solubility  of  Mo  in  the  annealed  CrSi2  ternary  phase  was  observed  to  be  on  the  order  of  16  atomic 
percent  Mo. 

This  investigation  of  the  response  of  MoSi2  to  ternary  additions  of  Cr  corroborates  the  trend  of  limited 
solubility  of  transition  metal  additions  in  the  MoSi2  (Clljj)  crystalline  phase.  The  phase  equilibria  and 
lattice  parameter  trends  observed  in  the  TiSi2-MoSi2  and  CrSi2*MoSi2  ternary  systems  would  suggest  a 
simple  substitution  defect  mechanism  of  transition  metal  solute  on  the  Mo  sublattice  of  the  Clljj  structure. 
Table  II  summarizes  the  observed  levels  of  transition  metal  solution  in  MoSi2  and  correlates  these  solubility 

trends  with  interpolated  solute  Goldschmidt  radii  for  a  coordination  number  of  ten.  This  coordination 
number  reflects  the  Mo  site  nearest  neighbor  environment  of  the  {110}  Cllj,  structure.  The  atomic  size 

correlation  would  suggest  that  a  transition  metal  solute  that  possesses  a  smaller  Goldschmidt  radius  than 
Mo  (Ren  10  “  0.139nm)  will  have  an  greater  solubility  in  MoSi2  compared  to  those  solute  atoms  with  a 


radius  equal  to  or  larger  than  Mo. 
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These  observations  of  solubility  trends  with  transition  metal  additions  to  MoSi2  have  served  to  raise 
fundamental  issues  regarding  the  phase  stability  of  the  Cllj,  crystalline  prototype.  The  CII5  crystalline 
prototype  displays  a  pronounced  bimodal  population  distribution  of  the  lattice  parameter  ratio  (CQ/aQ) 
centered  about  the  values  of  2.45  and  3.50.  The  mode  at  cq/bo  =  3.50  is  primarily  composed  of  noble  metal 
/  transition  metal  pairs  such  as  Cu2r2  and  AuHf2.  The  refractoiy  disilicides  MoSi2,  WSi2  and  ReSi2  reside 
at  lower  ratio  (CQ/ao)  value  of  2.45.  The  relatively  minor  changes  in  the  ao  and  cq  lattice  parameters  of 
MoSi2  and  WSi2  with  small  Cr  and  Ti  additions  (Table  I)  point  to  an  inability  of  the  Cl  lb  disilicide 
structure  to  accommodate  the  lattice  perturbation  resulting  from  different  size  solute  atoms. 

Summary  Remarks 

Solidification  pathway  along  the  MoSi2-TiSi2  ternary  section  can  be  described  by  the  following  reactions: 
L  =  a-MoSi2  Tm  =  2030OC 

L  +  a-MoSi2  =  P-(Ti,Mo)Si2  Tp  =  1850OC 

L  +  P-(Ti,Mo)Si2  =  7-TiSi2  Tp  =  15 IQOC 

L  =  TiSi2  Tm  =  1490^0 

The  phase  equilibria  exhibited  in  the  MoSi2-TiSi2  system  lead  to  the  conclusion  that  there  is  no  C40  high 
temperatore  polymorph  in  pure  MoSi2. 

*  The  solidification  pathway  of  MoSi2  in  the  temaiy  sections  MoSi2-TiSi2  and  MoSi2-CrSi2  initiates  with 
L  =  a-MoSi2  (Cl  lb)  primary  solid.  The  a-MoSi2  phase  exhibits  minor  solubility  for  Ti  (1  at.%)  and  Cr  (3 
at.  %)  solute  additions. 

*  The  lattice  parameter  ratio  (CQ/ao)  at  the  value  of  2.45  apparently  represents  a  characteristic  phase 
stability  criterion  for  MoSi2  (Cl  lb),  which  is  unaffected  by  the  temaiy  alloying  of  MoSi2  with  Ti  and  Cr. 
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The  current  investigation  suggests  the  phase  stability  of  MoSi2  is  primarily  controlled  by  geometrical 
factors. 
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Figure  1.  TiSi2  -  MoSi2  phase  diagram  [2], 


Figure  2.  TiSi2  -  MoSi2  phase  diagram  obtained  through  the  present  research. 
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Figure  3.  Backscattered  scanning  electron  micrograph  of  the  as-cast  alloy,  32Mo-01Ti“67Si  (at.%), 
showing  a  peritectic  structure  consisting  of  primary  phase  Cl  lb  (light)  and  interplate  C40  phase  (dark). 


Figure  4.  Backscattered  electron  image  of  as-cast  25Mo-08Ti-67Si:  a"MoSi2  dendrites  and  interdendritic 
P-(Ti,Mo)Si2. 
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Figure  5.  Schematic  representation  of  two  possibilities  for  the  MoSi2  -  TiSi2  quasi-binaiy  diagram.  The 
pohmorphic  transformation  of  pure  MoSi2  from  Cl  lb  to  C40  is  (a)  below  and  (b)  above  the  melting  point, 
(b)  shows  the  phase  relationships  determined  in  the  present  study. 


Figure  7(a).  Backscattered  electron  micrograph  of  as-cast  05Cr-28Mo-67Si.  The  solidification 
microstructure  displays  MoSi2  (Cll^)  dendrites  (light  contrast),  interdendritic  CrSi2  (C40)  and  Si  (dark 


pores). 


Figure  7(b).  Backscattered  electron  micrograph  of  25Cr-07Mo-68Si  after  cooling  at  20°C  min‘l  from  the 
liquid.  The  solidification  microstructures  displays  ternary  CrSi2  cells  (light  contrast),  intercellular  Si  and 

areas  of  (CrSi2  +  Si)  eutectic  morphology. 
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IV.  Research  Accomplishments  in  the  Nb-Cr  System 


Ordered  intermetallics  often  are  characterized  by  sluggish  difhision,  resulting  in  segregated  microstructures 
in  comp>ounds  forming  incongruently  from  the  melt.  In  fact,  even  congruent  intermetallics  are  relatively 
difficult  to  solidif}'  as  homogeneous  structures  because  of  the  narrow  stoichiometry  and  the  likelihood  of 
crystal  growth  kinetic  limitations  often  associated  witli  ordered  metallic  compounds.  In  addition,  sluggish 
difiusion  may  induce  heterogeneous  structures  with  the  partial  completion  of  solid  state  transformations. 
However,  rapid  solidification  processing  (RSP)  may  offer  solidification  pathways  which  not  only  reduce  the 
extent  of  segregation  during  freezing  but  also  may  yield  metastable  precursor  microstructures.  With  novel 
processing  strategies,  addvantageous  characteristics  of  intermetallic  alloys  can  be  optimized  through  control 
of  the  microstructural  evoluton.  With  these  points  in  mind  tlie  processing  of  the  NbCr2  Laves  phases  has 

been  investigated  in  the  current  program. 

Several  complete  phase  diagrams  have  evolved  in  the  current  literature  on  the  Nb-Cr  system 
[56Elu,58Ere,59Mis,61Gol,61Pan,65Ell,69Rud,86Ven].  Even  though  the  general  features  of  the  phase 
relationships  are  similar  between  each  version  in  the  chronoiog}^  inconsistencies  exist  in  the  reported 
invariant  compositions  and  solubility  limits  of  the  respective  phases.  The  scattering  in  the  published  data 
invokes  uncertainty  in  attaining  a  reliable  determonation  of  the  microstructural  development  in  the  binary^ 
alloys,  especially  when  comparing  the  most  recent  assesment  [86Ven]  (which  is  primarily  based  upon  the 
e\T)erimental  evaluation  in  [6IG0I])  with  other  reported  compositions  for  the  phase  boundaries.  Therefore, 
in  an  effort  to  clarify  both  the  phase  compositions  and  relationships  in  the  entire  Nb-Cr  system,  the 
equilibrium  eutectic  compositions,  solid  phase  solubilities  and  lattice  parameters  have  been  evaluated  in  an 
experimental  study.  The  modified  phase  diagram  as  constructed  from  the  experimentally  defined  eutectic 
compositions,  terminal  bcc  phase  solubilities,  solvus  biundaries  and  intermetallic  phase  field  width 
combined  with  the  experimentally  determined  temperatures  from  references  [61Pan,69Rud]  is  shown  in 
figure  1. 
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The  calculated  phase  diagram  (with  the  estimated  Tq  curve)  (figure  2)  indicates  that  the  development  of  a 
metastable  bcc  solid  solution  is  possible  with  liquid  undercooling  levels  of  400°C  (~0.2  Tm)  and  the 
supression  of  the  nucleation  and  growth  of  the  Laves  phase.  Indeed  the  splat  quenching  was  shown  to 
promote  compositionaly  refined  microstructures,  and  with  the  high  cooling  rates,  supressed  the  nucleation 
and  growth  of  the  kinetically  sluggish  Laves  phase  to  allow  liquid  undercoolings  which  favored  a  disordered 
bcc  phase  with  more  rapid  solidification  kinetics.  An  example  of  the  microstructural  development  in  the  Cr- 
rich  eutectic  splat  together  with  the  schematic  microstracture  and  the  solidification  pathway  is  shown  in 
figure  3.  The  cross  sectional  SEM  micrograph  (figure  3)  of  Cr-rich  eutectic  shows  columner  bcc  grains 
extending  from  the  surface  to  the  middle  of  the  splat.  In  the  middle  of  the  foil,  fine  eutectic  regions  are 
apparent.  The  microstructural  evolution  can  be  explained  by  the  initial  nucleation  and  growth  of  a  bcc 
phase  from  the  undercooled  melt,  and  after  recalescence,  solidification  of  a  liquid  composition  which  lies  in 
the  coupled  zone  of  the  eutectic. 

In  addition  to  the  Nb-Cr  binary  phase  equilibria  and  relationships,  the  Nb-Cr-Ti  ternary  phase  equilibria  at 
950°C  was  defined  (figure  4).  Titanium  was  chosen  as  a  ternary  alloying  addition  since  it  lowers  both  the 
density  and  stacking  fault  energy  as  well  as  potentially  broadening  the  Laves  phase  solubilty.  In  addition  Ti 
stabilizes  the  bcc  phase  in  Nb  and  Cr  alloys.  Therefore,  an  yield  of  metastable  bcc  phase  in  the  Nb-Cr-Ti 
can  be  exTiected.  Alloys  with  10  and  20  at.%  Ti  additions  to  NbCr2  are  splat  quenched,  and  as  the  Ti 

content  increased  the  relative  amounts  of  XRD  bcc  phase  peaks  increased  with  respect  to  the  Laves  phase 
peaks  (figure  5).  The  microstructural  development  of  the  two  primary  phase  in  the  NbCr2+I0  at.  %  Ti  alloy 

is  shown  in  figure  6.  Figure  6(a)  (top  ribbon)  illustrates  the  growth  of  the  bcc  phase  which  was  eventually 
consumed  by  the  Laves  phase  in  the  middle  of  the  splat.  Figure  6(a)  (bottom  ribbon)  demonstrates  the 
continuous  bcc  growth  across  the  majority  of  the  splat.  However,  it  appears  in  both  ribbons  of  the 
micrograph  (figure  6)  that  a  thin  layer  of  the  Laves  phase  originally  grew  from  one  of  the  anvil  sides  for 
approximately  3  microns.  In  figure  6(b),  an  example  of  a  Laves  phase  growth  front  and  bcc  growth  front 
impinging  in  the  middle  of  the  splat  is  demonstrated.  Tire  Nbcr2+20  at.%  Ti  alloy  indicated  a  majority  of  of 
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bcc  phase  development  across  th  eentire  splat,  but  some  regions  of  primary  Laves  phase  development  from 
the  anvil  side  could  be  found  (figure  7).  Base  dupon  the  isotherm  development  (figure  ),  the  NbCr2  plethal 

section  is  schematically  illustrated  in  figure  8.  The  metastable  solidification  pathway  for  for  bcc  phase 
development  is  demonstrated  for  the  10  and  20  at.%  Ti  alloys.  The  metastable  extension  of  the  liquid+bcc 
region  (including  the  dotted  Tq)  from  pure  Ti  to  NbCr2  is  show  in  the  schematic  diagram.  At  the 
composition  of  the  10  at.%  or  20  at.%  Ti  alloy  (Cq),  the  liquid  alloy  is  undercooled  to  some  extent  below  the 
dotted  To  (line  1).  The  bcc  phase  nucleates  and  grows  during  recalescence  to  some  unknown  temperature  in 
a  C14  and/or  Cl 5  phase  region.  Other  similar  systems  such  as  Nb-Cr  Mo  show  Laves  phase+BCC  two 
phase  microstructures  which  show  a  promising  response  to  solid  state  reactions  to  strengthen  the  BCC 
phase. 

Summary  Remarks 

*  The  eutectic  compositions,  terminal  bcc  phase  solubilities,  solvus  boundaries  and  intermetallic  phase  field 
width  have  been  experimentally  defined,  and  combined  with  the  experimental  temperature  measurements 
from  references  [61Pan,69Rud]  provide  a  modified  equilibrium  Nb-Cr  phase  diagram. 

*  In  the  rapid  solidification  processing  extende  metastable  bcc  solid  solution  have  been  formed  with 
reduced  compositional  segregation.  The  bcc  solid  solutions  form  with  the  immediate  or  eventual 
suppression  of  the  kinetically  sluggish  Laves  phase  nucleation  and/or  growth  as  compared  to  the  disordered 
bcc  phase,  depending  upon  the  liquid  undercooling  at  the  various  stages  of  solidification  in  the  particular 
alloy. 

*  Based  upon  the  correlation  of  the  splat  quenched  alloys  XRD  traces  and  bcc  lattice  parameters  with  the 
defined  terminal  solution  limits  and  the  lattice  parameters  of  the  bcc  phases  in  equilibrium  processing,  the 
metastable  nature  of  the  splat  -quenched  bcc  phases  have  been  defined. 
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*  The  extent  of  alternate  metastable  bcc  phase  nucleation  and  growth  in  the  various  alloys  is  strongly 
correlated  to  the  calculated  minimum  amount  of  liquid  undercooling  required  for  bcc  formation.  With 
additions  of  bcc  stabilizing  elements  to  NbCr2  (i.e.,  Nb,  cr,  and  Ti),  the  metastable  yield  increases. 

The  metastbale  solidification  pathwaysof  the  splat  quenched  alloys  have  been  defined  and  correlated  with 
the  XRD  results  and  microstructural  analyses. 

References 

[56Elu].  V.  P.  Eluytin  and  V.  F.  Funke,  Izv.  Akad.  Nauk.  SSSR.  Otd.  Tekh.  Nauk,  3  (1956)  68'  Brutcher 
Trans.  No.  4304,  ASM,  Cleveland,  OH. 

[58Ere].  V.  N.  Eremenko,  G.  V.  Zudilova,  and  L.  A.  Gaevskaya,  Metalloved.  Term.  Grab.  Met  1  (1958) 
11;  Brutcher  Trans.  No.  4108,  ASM,  Cleveland,  OH. 

[59Mis].  J.  A.  Misencik,  Master’s  Thesis,  MIT,  (1959). 

(61Gol].  H.  J.  Goldschmidt  and  J.  A.  Brand,  J.  Less-Common  Met.,  vol.  3,  p.  44,  (1961). 

I61Pan].  V.  M.  Pan,  Dopov.  Akad,  Nauk  Ukr.  RSR,  p.  332,  (1961). 

[65E11].  R.  P.  Elliot,  in  Constitution  of  Binary  Allovs,  First  supplement”  ,Mc.Grzvi-iii\\  New  York  NY  d 
251,(1965).  ■  ,  ,  ,y. 

(69Rud].  E.  Rudy,  Technical  Report  AFML-TR-65-2  Part  V,  p.  127,  (1969). 

[86 Yen],  M.  Venkatraman  and  J.  P.  Neuman,  Bull.  Alloy  Phase  Diag.,  vol.  7(5),  p.  462,  (1986). 


52 


Columnar 

Growth 


Equiaxed 

Eutectic 


Columnar 

Growth 


Figure  3.  Microstructural  development  in  a  splat  quenched  Nb-82  at.%  Cr  sample  where  (a)  SEM  etched 
micrograph  (b)  schematic  of  microstructure  and  (c)  solidification  pathway. 
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Figure  7.  Optical  micrograph  (unetched)  of  a  NbCr2+20  at.%  Ti  sample. 


Figure  8.  Schematic  of  solidification  pathway  in  the  NbCr2+Ti  splat-quenched  samples. 
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V.  Research  Accomplishments  in  the  Titanium  AIloy/Al203  System 

Metal  matrix  composites  have  become  an  important  class  of  materials  due  to  the  need  for  low  densiri 
materials  with  high  strength  and  stiffness  at  elevated  temperatures  in  advanced  aerospace  systems.  The 
reinforcement  of  metals  with  ceramics  causes  an  increase  in  strength,  stiffness,  wear  resistance,  high 
temperature  strength,  and  a  decrease  in  weight.  At  the  same  time,  the  chemical  compatibility  of  matrix 
material  with  the  reinforcing  materials  at  high  temperature  is  of  major  concern.  The  objective  of  this  paper 
is  to  study  the  chemical  compatibility  of  a  metastable  beta  titanium  alloy  [TIMET AL  21S,  Ti-15Mo-2.7Nb- 
3Al-0.2Si  (wt.%)]  with  AI2O3.  Alloy  21S  has  been  chosen  as  a  matrix  material  in  the  present  study  since 

its  unique  combination  of  properties  makes  it  a  viable  candidate  for  high  temperature  metal  matrix 
composite  systems  [90Ban,90Gra].  Alumina  has  been  chosen  as  a  reinforcing  material  in  the  present  study 
although  most  of  the  works  on  titanium  based  composites  have  involved  SiC  fibers.  The  SiC  fibers  are 
known  to  react  with  the  titanium  alloys  [85Rho]  and  so  does  the  AI2O3  [473tre,91Mis].  But  the  coefficient 
of  thermal  expansion  (CTE)  mismatch  between  AI2O3  and  titanium  alloys  are  less  compared  to  that 

between  SiC  and  titanium  alloys  [90Kri].  Therefore,  the  thermal  stress  at  the  interface  during  cooling  of  a 
titanium  alloy/Al203  composites  will  be  considerably  less  than  that  developed  in  a  titanium  alloy/SiC 
composites.  The  possibility  of  using  Nb  as  a  diffusion  barrier  in  the  2IS/AI2O3  composite  has  also  been 
investigated  in  this  study. 

In  order  to  study  the  chemical  compatibility  between  AI2O3  and  2 IS,  a  diffiision  couple  was  prepared  by  hot 
pressing  at  900OC  for  1  hour  followed  by  slow  cooling.  Hot  pressing  was  done  just  to  develop  a  good 
bonding  between  the  members  of  the  diffusion  couple.  The  diffusion  couple  was  then  clamped  in  an  invar 
holder  coated  with  Y2O3.  The  whole  assembly  was  encapsulated  in  a  quartz  tube  under  vacuum  and  then 

annealed  for  long  time  (10  days  at  900®C)  to  establish  the  phase  sequence  at  the  interface.  A  back  scattered 
SEM  image  of  the  interface  of  the  diffusion  couple  and  the  corresponding  concentration  profiles  (Ti,  Al, 
Mo,  Nb,  and  O)  across  the  interface,  as  obtained  from  an  electron  microprobe  are  shown  in  figure  1.  The 
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phases  which  are  present  in  the  reaction  layer  can  be  identified  as  y-TiAl,  a2-Ti3Al,  and  a-Ti(Al,0).  The 

oxygen  concentration,  as  determined  by  EPMA,  should  be  used  with  caution  due  to  the  large  errors 
generally  associated  with  the  quantitative  analysis  of  light  elements. 


The  reaction  kinetics  at  900OC  has  been  studied.  The  kinetics  of  2IS/AI2O3  composite  (AL2O3  fiber  was 

HIP  d  in  21s  powder  for  1  hour  at  900^0  under  15  ksi)  has  been  compared  with  pure  Ti,  Ti-8Al-lMo-lV, 
or  Ti-6Al-2Sn-4Zr-2Mo/Al203  composites  (figure  2).  The  reaction  rate  in  2IS/AI2O3  system  is  much 

slower  compared  to  the  other  systems,  and  this  is  probably  due  to  the  presence  of  heavy  amount  of  alloying 
elements  m  21S  as  suggested  by  Smith  and  Froes  [84Smi].  The  alloying  of  Ti  with  elements  such  as  Mo 
reduces  the  activity  of  Ti,  which  in  turn  reduces  the  reaction  rate  significantly  [84Smi].  One  can  calculate 
the  activity  of  Ti  in  binary  alloys  from  thermodynamic  equations  [80Bre,81Gas].  The  activities  of  Ti  in  Ti- 
1.5  at.%  Mo  and  Ti-9.5  at.%  Mo  alloys  are  0.985  and  0.917,  respectively.  The  activiUes  at  these  two 
compositions  have  been  calculated,  since  the  amount  of  p  stabilizing  elements  in  Ti-8Al-lMo-lV(wt.%)  is 
1.4  at.%  (assuming  V  is  equivalent  to  Mo)  and  in  Ti-15Mo-2.7Nb-3Al-0.2Si  (wt.%)  is  9.5  at.%  (assuming 
Nb  is  equivalent  to  Mo).  Therefore,  it  appears  that  the  reduction  of  activity  of  Ti  (even  by  small  amount)  by 
alloying  with  elements  such  as  Mo,  V,  etc.,  has  significant  effect  in  reducing  the  reaction  rate. 

Although  the  reaction  rate  is  much  slower  in  2IS/AI2O3  system,  it  is  still  severe  enough  to  affect  the 
mechanical  properties  of  the  composite  material.  In  order  to  develop  a  strategy  for  a  robust  composite 
design,  it  is  essential  to  prevent  or  at  least  decelerate  the  reaction  kinetics  at  the  interface.  Suitable  diffusion 
barrier  can  prevent  reaction  at  the  interface.  The  possibility  of  using  Nb  as  diffusion  barrier  in  21S/At203 
composite  has  been  investigated  in  this  study.  Niobium  does  not  react  with  AI2O3  to  form  any  reaction 
layer  at  the  interface,  although  a  small  amount  of  A1  from  AI2O3  dissolves  in  Nb  at  a  very  high  temperature 
[89Bur,89Mad].  The  thermal  expansion  coefficients  of  Nb  and  AI2O3  are  approximately  same 
[89Bur,89Mad],  and  therefore,  the  thermal  stress  developed  at  Nb/Al203  interface  during  cooling  from  the 
bonding  temperature  would  be  very  small,  which  in  turn  may  increase  the  resistance  to  spalling  and 
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cracking.  Niobium  is  also  the  lightest  of  all  the  refractoiy  metals.  In  order  to  evaluate  the  stability  of  Nb 
with  21S,  a  diffusion  couple  between  Nb/21S  was  annealed  at  IIOQOC  for  100  hours.  The  composition 
profiles  across  the  interface  indicate  that  Nb  difiuses  into  2 IS  (figure  3).  Therefore,  Nb  will  be  depleted  at 
long  time  if  it  is  used  as  a  difiusion  barrier  in  the  2IS/AI2O3  composite. 


The  optimum  thickness  of  the  Nb  coating  required  to  prevent  the  chemical  reaction  during  the  service 
lifetime  of  the  composite  can  be  determined  from  a  diffusion  analysis.  Determination  of  the  dififusivity  of 
Nb  in  the  multicomponent  alloy  2  IS  is  a  complicated  task,  but  a  first  order  calculation  of  the  difiusivity  of 
Nb  in  21s  has  been  done  by  Matano  analysis  [83 She].  In  determining  the  diffiisivity  of  Nb,  it  has  been 
assumed  that  the  diffiisivity  of  Nb  is  not  influenced  by  other  alloying  elements  (e.g..  Mo  and  Al).  Tliis 
assumption  is  quite  reasonable  since  the  concentration  profiles  of  Mo  and  Al  remain  basically  unchanged  by 
the  diffusion  of  Nb  (figure  3).  The  diffiisivity  of  Nb  at  1 100°C  and  1200®C  are  close  to  2.0x10"^®  cm^/sec 
and  7.4xl0'l®  cm^/sec,  respectively.  The  activation  energy  as  determined  from  the  Arrhenius  relationship, 
D=Doexp(-Q/RT)  (where,  D=diausivity  at  temperature  T,  Do=pre-exponential  factor,  Q=activation  energy, 

R=gas  constant),  is  219  KJ/mol  and  the  pre-ex-ponential  factor  is  4.8  x  lO'^  cm^/sec.  The  calculated 
diffiisivity  at  900^0  is  close  to  8.3xl0*^2  cm^/sec.  Using  the  calculated  diffiisivity  at  900®C,  the  flux  of  Nb 
after  1  hour  has  been  calculated  and  then  the  flux  has  been  converted  to  equivalent  thickness.  This 
calculation  suggests  that  a  few  micron  thick  (~2  pm)  Nb  can  prevent  the  reaction  at  the  interface  during 
processing. 

A  piece  of  AI2O3  was  coated  with  2  pm  Nb  by  the  magnetron  sputtering  technique.  Deposition  was  done  at 
two  pressure  levels  with  periodic  alterations  between  the  high  (7.0  to  7.4  mtorr)  and  low  (2.8  to  2.9  mtorr) 
levels.  This  reduces  the  stress  in  the  coating  and  ultimately  prevents  delamination  of  the  coating  from  the 
AI2O3  substrate.  A  back  scattered  SEM  image  from  the  interface  of  a  diffusion  couple  between  AI2O3 

(coated  with  2  pm  Nb)  and  alloy  2 IS  (hot  pressed  at  900^0  for  1  hour  followed  by  annealing  at  750OC  for 
1 10  hours)  shows  that  Nb  is  able  to  prevent  reaction  at  the  interface  (figure  4).  Although  coatings  are  able 
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to  prevent  reaction  at  the  interface,  one  point  of  caution  is  that  they  are  not  always  perfect.  In  that  case, 
reaction  may  occur  at  that  imperfection.  An  example  is  shown  in  figure  4  where  discontinuous  reaction 
layer  (a2)  forms  at  the  interface  due  to  a  coating  imperfection  (a2  is  shown  by  an  arrow  in  the  figure). 

The  service  temperature  of  a  composite  is  much  lower  than  that  of  the  processing  temperature.  The 
diffusion  of  Mb  at  the  service  temperature  will  be  very  slow.  Therefore,  one  needs  to  be  concerned  about  the 
Nb  thickness  which  will  be  needed  to  prevent  the  reaction  during  the  processing.  If  the  processing 
condition  varies  between  850OC  to  900OC  for  2  hours,  a  few  micron  (2  pm)  thick  Nb  coating  will  be  able  to 
prevent  a  reaction  at  the  interface. 
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Figure  1.  (a)  Back  scattered  SEM  image  obtained  from  the  interface  of  AI2O3/2IS  diffusion  couple  (hot 

pressed  at  900^C  for  1  hour  and  then  annealed  at  900^C  for  242  hours)  along  with  (b)  composition  profiles 
across  the  interface. 
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Figure  2.  Reaction  layer  thicknes  vs.  (time)*^^  plot  for  Pure  Ti,  Ti-6Al-2Sn-4zr-2Mo,  or  Ti-15Mo-2.7Nb- 
3Al-0.2Si/Al2O3  systems  at  900®C. 


t  » 


64 


Distance  (um) 


Figure  3.  (a)  An  optical  micrograph  obtained  from  the  interface  of  Nb/21S  diffusion  couple  (annealed  at 
1100°C  for  100  hours)  along  with  (b)  composition  profiles  across  the  interface. 


Figure  4.  A  secondary  electron  image  obtained  from  the  interface  of  AI2O3  coated  with  2  |im  Nb/21S 

diffusion  couple  (hot  pressed  at  900®C  for  1  hour  followed  by  annealing  at  750®C  for  111  hours)  showing 
the  formation  of  a2-Ti3  A1  at  the  interface. 
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VI.  Research  Accomplishments  in  the  Titanium  Alloy  TIMWTAL  2 IS 

A  relatively  new  titanium  alloy  TIMETAL  2 IS  (Ti-15Mo-2.7Nb-3Al-0.2Si-0.15O  (in  wt.%))  is  a  potential 
matrix  material  for  advanced  titanium  matrix  composites  for  elevated  temperature  use.  In  order  to  develop 
a  perspective  on  the  microstructural  stability  of  this  alloy,  the  influence  of  several  commonly  used  heat 
treatments  on  the  microstructure  of  TIMETAL  21S  was  studied  using  optical  and  transmission  electron 
microscopy.  Depending  on  the  specific  thermal  treatment,  a  number  of  phases  including  a,  m-type.  and 
silicide  can  form  in  this  alloy.  It  was  found  that  both  recrystallized  and  non-recrystallized  areas  could  be 
present  in  the  microstructure  of  an  annealed  bulk  alloy,  but  the  microstructure  of  annealed  sheet  alloy  was 
fully  recrystallized.  The  mixed  structure  of  the  bulk  alloy,  developed  due  to  inhomogeneous  deformation, 
could  not  be  removed  by  heat  treatment  alone  at  WO^C.  Athermal  ©-type  phase  formed  in  this  alloy  upon 
quenching  from  the  solution  treatment  ternperamre  (900^0.  Silicide  precipitates  were  also  found  in  the 
quenched  sample.  Thermal  analysis  was  used  to  determine  the  p  transus  and  silicide  solvus  as  close  to 
815°C  and  1025^0,  respectively.  In  solution  treated  and  quenched  samples,  a  high  temperature  aging  at 
600°C  resulted  in  the  precipitation  of  a  phase.  The  precipitation  reaction  was  slower  in  the  reciystallized 
regions  compared  to  the  non-recrystallized  regions.  During  low  temperature  aging  (350°C)  the  ellipsoidal 
©-type  phase  jrersisted  in  the  recrystallized  areas  even  after  100  hours,  whereas  a  high  density  of  a 
precipitates  developed  in  the  non-recrystallized  area  within  only  3  hours.  The  observed  behavior  in 
precipitation  may  be  related  to  the  influence  of  substructure  in  the  non-recrystallized  areas  providing  for  an 
enhanced  kinetics  during  aging.  The  a  precipitates  (formed  during  continuous  cooling  from  the  solution 
treatment  temperature,  low  temperature  aging,  and  high  temperature  aging)  always  obeyed  the  Burgers 
orientation  relationship.  With  respect  to  the  microstructure,  TIMETAL  21S  is  similar  to  other  solute  lean 
metastable  beta  titanium  alloys. 
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VII.  Publications  of  the  Current  Program 


During  a  research  program  substantial  time  intervals  often  elapse  between  the  completion  of  a  research 
study,  submission  of  a  manuscript  and  the  final  appearance  of  a  paper  in  print.  As  a  result,  the  following 
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